Introduction
Many experiments on the effect of undercooling on solidified microstructure and phase selection have been done in Fe base alloys in which carbon, silicon, chromium and so on were used as solute elements. [1] [2] [3] [4] [5] [6] [7] [8] However, the correlation between dendritic microstructure and undercooling in an Fe base alloy containing niobium has not been investigated till now. Particularly, a role of niobiumcarbide in an Fe-C-Nb alloy on heterogeneous nucleation has not been known. The niobiumcarbide is expected as a substance for heterogeneous nucleation if it is formed before the start of solidification.
On the other hand, the control of grain size is important for having superior mechanical properties in commercial steels. 9) The grain boundary is usually formed between the arrays of dendrites which have different growth orientation if phase transformation in solid after solidification does not occur. If the transformation in solid after solidification occurs, the grain boundary formed by the phase transformation is quite different from the grain boundary before the transformation as it is seen in the commercial carbon steel.
10) The migration of the grain boundary is caused by the growth of a new phase after the completion of the phase transformation. However, the growth of the new phase is suppressed during the transformation from old to new phases. This was proved by investigating the peritectic transformation in carbon steels that was quenched during unidirectional solidification. 11, 12) Furthermore, when niobium as a ferrite former was added to a carbon steel a coexisting zone of d and g phases was extended and final transformation temperature from d to g phases dropped.
12) That is, the niobium addition is effective for suppressing the growth of the new phase. This means that grain size in room temperature can be controlled by the arrays of dendrites if grain boundary in a Fe base alloy containing niobium does not immigrate even though d/g and g/a transformation occur.
In this study, the effect of niobium on undercooling and microstructure is investigated in Fe-Nb binary and Fe-C-Nb ternary alloys which have various niobium concentrations and the heterogeneous nucleation of niobiumcarbide formed before the start of solidification is examined. Furthermore, the position of grain boundary formed till room temperature is investigated relating to the arrays of dendrites when dendritic microstructure is kept in spite of the d/g and g/a phase transformation. Figure 1 illustrates an Fe-Nb binary phase diagram calculated by Thermo-Calc and it is almost same as the binary phase diagram shown elsewhere. 13) The g phase has a triangle region whose maximum and minimum temperatures are 1 667 and 1 185 K at 0 % Nb, respectively. The maximum The changes in degree of undercooling, secondary dendrite arm spacing and microstructure were investigated by using three cooling methods. The Fe-Nb binary alloys and Fe-0.1mass%C-Nb ternary alloys having various niobium concentrations ranging from 0.50 to 6 mass% were used. The Fe-C-Nb ternary alloys were used to investigate the role of niobiumcarbide (NbC) as the heterogeneous nucleation site. The degree of undercooling in both alloys changed with niobium concentration and that in the ternary alloy was always smaller than that in the binary alloys because of the presence of NbC. Dendritic microstructures were observed in both alloys quenched from 1 673 K after cooling at a rate of 0.028 K/s when Nb concentration exceeds 2 mass%. An Fe-0.1mass%C-3.0mass%Nb alloy air-cooled from 1 473 K also exhibited the dendritic microstructure, while an Fe-3.0%Nb alloy similarly air-cooled did not exhibit the dendritic microstructure. Then, grain boundary in the Fe-0.1mass%C-3.0mass%Nb alloy was formed between the arrays of dendrites, while it wasn't formed between secondary dendrite arms. Furthermore, the microstructure in an Fe-0.10%C-1.0%Nb alloy which was air-cooled from liquid state exhibited fine dendrite microstructure.
Method

Fe-Nb Phase Diagram
solubility limit is 1.7 % Nb at 1 451 K. From this phase diagram, two methods are considered to keep dual phase coexisting condition to low temperatures. One is the addition of Nb more than 1.7 % to keep the dual phase coexisting condition down to 1 451 K and the other is fast cooling for shortening the time of diffusion in solid. On the other hand, the peritectic transformation is expected to occur by addition of carbon to the binary alloy although an Fe-C-Nb ternary phase diagram could not be calculated. In this study, Fe-Nb alloys containing over 1.7% Nb and Fe-0.10%C-Nb alloys were used. The coexistence of dual phases in the Fe-Nb alloys is expected in the temperature range from 1 451 K to room temperature. On the other hand, NbC formed during and after solidification of the Fe-0.10%C-Nb alloys is expected as the role of substrate for heterogeneous nucleation.
Experimental Procedure
An alumina crucible was set in a homogeneous temperature zone in an electric furnace. The crucible was a pot type having 35 mm and 20 mm in inner diameter at the top and bottom positions, respectively, and 45 mm in depth. Mother metal with 140 g in weight was melted in an argon atmosphere in an electric furnace shown in Fig. 2 . The specimen was kept at 1 823 K for 3.6 ks and cooled with three methods illustrated in Fig. 3 . The first is quenching from 1 673 K after cooling at 0.028 K/s, the second is air-cooling from 1 473 K after cooling at 0.028 K/s, and the last is air-cooling from liquid state. It is expected that the first cooling method brings about the microstructure of g and d phase and the second one microstructure of dual phase of a and e. The formation of the microstructure consisting of a and e phases will not be influenced by the microstructures of the g and e phases formed after solidification and d phase formed during solidification. The microstructure obtained by the third cooling method is expected to be finer because of fast cooling. Niobium concentration was changed from 0.5 to 6 % and carbon concentration was constant at 0.10 %. Temperature was measured by B-type thermocouples located in the alloy liquid at 10 mm from the crucible bottom.
The microstructure was observed on a longitudinal section after etching by a 20 vol% nital containing picric acid of 1 g. The niobium concentration profiles across the dendrite arms were investigated using the X-ray microanalyzer (XMA). Phase indentation and grain orientation investigation were carried out by X-ray diffraction (XRD) analysis and electron back scattering pattern (EBSP), respectively.
Results and Discussion
Change in Undercooling
The change in the degree of undercooling with niobium concentration in Fe-Nb and Fe-0.10%C-Nb alloys cooled at a rate of 0.028 K/s is shown in Fig. 4 . The undercooling in the Fe-Nb alloys increases with Nb concentration and after reaching a peak at 2 % Nb it decreases. This change in undercooling may be caused by reducing the heterogeneous nucleation due to the crucible wall and by increasing its nucleation of niobium oxide, respectively. The undercooling The formation temperature of NbC became higher than the liquidus temperature of the Fe-0.10%C-Nb alloy when niobium concentration exceeds about 1 %. Therefore, the lower undercooling values in the Fe-0.10%C-Nb alloy shown in Fig. 4 might be caused by heterogeneous nucleation due to the NbC since the NbC can form before solidification in the alloys when niobium concentration exceeds 1 %. There are two considerations on the heterogeneous nucleation. One is lattice disregistry between a nucleus and a substrate [16] [17] [18] and the other is wetting 19) between them. The value of the lattice disregistry calculated from the lattice parameters of niobiumcarbide 20) and d-iron 17) becomes 8.1 %. Therefore, heterogeneous nucleation due to NbC may occur.
Microstructure and Grain Boundary Formation
Microstructures in the Specimens Quenched from
1 673 K The microstructures in Fe-Nb alloys quenched from 1 673 K are shown in Fig. 6 . The specimens with niobium concentrations exceeding 2 % exhibit clear dendritic morphology and the area of the residual liquid in inter dendritic region increases with niobium concentration since all specimens were quenched from a fixed temperature of 1 673 K. On the other hand, the microstructures in the specimens containing 0.5 % Nb and 1.0 % Nb show degenerated dendritic morphology.
The microstructures in the Fe-0.10%C-Nb alloys quenched from 1 673 K are shown in Fig. 7 . The specimens with niobium concentrations exceeding 2 % exhibit dendritic morphology, while the microstructures in Fe-0.10%C-Nb alloys containing niobium less than 1 % are not very clear. Fine black spots can be clearly observed in the specimens containing niobium more than 3 % and the number of the spots increased with increasing niobium concentration. NbC was detected in these specimens by EPMA examination. 
Microstructures in the Specimens
Fig. 8(a).
It is not dendritic structure but grain structure consisted of the a (matrix) and e phases (white-colored streaks). The microstructure in the Fe-0.10%C-3%Nb alloy as shown in Fig. 8(d) is dendritic, which is different from that in the Fe-3%Nb alloy shown in Fig. 8(a) . The granular size observed in the Fig. 8(d) approximately equals to secondary dendrite arm spacing shown in Fig. 6 and dark particles are observed in the interdendritic region. On the other hand, the microstructures in the specimens with 1 % Nb and 2% Nb shown in Figs. 8(b) and 8(c) exhibit the grain structure and degenerated dendritic morphology, respectively. The dark particles were recognized as NbC from the solute concentration profiles of Nb and C in the Fe-0.1%C-3%Nb alloy shown in Fig. 9 and from the XRD spectra shown in Fig. 10 . The dendritic morphology was kept to room temperature in the Fe-0.1%C-3%Nb alloy and the granular size shown in the Fig. 8(d) might be controlled by the size of secondary dendrite arm. Figure 11 shows a schematic illustration of dendrite regions for the orientation analysis by EBSP. As shown in Fig. 12 , the grain boundary was recognized at the disorientation of the dendrite arrays (region A in Fig. 11 ) but it was not recognized the interspacing of secondary arm (region B in 11). Therefore, it is considered that this grain boundary of the a phase may correspond to the grain boundary formed by dendrite array, and the grain boundary of d-ferrite phase might be kept after the grain boundary formation of g phase. Therefore, fine dendrite with different growth orientation should be made in order to obtain fine grain of a phase. For example, the fine dendrite can be formed by inoculation and breaking off of dendrite arm.
Microstructures in the Specimens Air-cooled from
Liquid State The microstructure in the Fe-0.10%C-1.0%Nb alloy aircooled from liquid phase is shown in Fig. 13 . The microstructure exhibits a dendritic morphology even in the Fe-0.10%C-1.0%Nb alloy, while when the specimen was air-cooled from 1 473 K after cooled at 0.028 K/s from liquid state, the dendritic morphology was not observed even the niobium concentration was 3 %. The individual granular size observed in Fig. 13 is 50 to 100 mm because of fine dendrite formed by the fast cooling during solidification. Therefore, the microstructure consisted of fine grain can be obtained by making fine dendrite with different growth orientation according to fast cooling.
Secondary Dendrite Arm Spacing
Secondary dendrite arm spacing in the Fe-Nb and Fe-0.10%C-Nb alloys cooled at 0.028 K/s was measured in order to investigate the effect of niobium concentration on the arm spacing of secondary dendrite. The spacing in the Fe-Nb alloy reaches maximum value at 3 % Nb and decreases with the increase in niobium concentration as shown in Fig. 14. A relationship between measured local solidification time and niobium concentration is shown in Fig. 15 . The local solidification time became longest at 3 % Nb and it corresponded to the position of maximum secondary arm spacing. The secondary dendrite arm spacing in the Fe-0.10%C-Nb alloy increased monotonously with increasing in niobium concentration. It might depend on the local solidification time that those values did not measured because of unclear solidification finishing temperature.
Summary
The undercooling and microstructure in Fe-Nb binary alloys and Fe-0.10mass%C-Nb ternary alloys in which niobium concentration was changed from 0.5 to 6 % were investigated with different cooling methods. The results obtained are summarized as follows.
(1) The undercooling in the Fe-Nb and Fe-0.10%C-Nb alloys increased to a certain value and decreased afterwards. The undercooling in the Fe-C-Nb alloy was lower than that in the Fe-Nb alloy because of NbC formed before solidification.
(2) The microstructures in the Fe-Nb and Fe-0.10%C-Nb alloys quenched from 1 673 K after cooling at 0.028 K/s exhibit dendritic morphologies when niobium concentration exceeds 2 %.
(3) The microstructure in the Fe-0.10%C-3%Nb alloy air-cooled from 1 473 K after cooling with 0.028 K/s exhibits dendritic morphology, while the microstructure in the Fe-3%Nb alloy did not exhibit the dendritic morphology. The grain boundary in the Fe-0.10%C-1.0%Nb alloy was formed at the location of the disorientation of dendrite growth and was not formed at the location of the same orientation of dendrite growth. Therefore, the grain boundary did not immigrate from dendrite formation to final transformation via peritectic transformation.
(4) The microstructure in the Fe-0.10%C-1.0%Nb alloy air cooled from liquid state shows fine dendritic morphology, while when the specimen was air-cooled from 1 473 K after cooled at 0.028 K/s from liquid state, the dendritic morphology was not observed even the niobium concentration was 3 %.
(5) The secondary arm spacing in the Fe-Nb alloys in- creased to a certain value and subsequently decreased and it was controlled by the local solidification time. The secondary arm spacing in the Fe-C-Nb alloy increased monotonously in the niobium concentration range used in this experiment.
